Theoretical and laboratory studies generally show ectotherm performance increases with 15 temperature to an optimum, and subsequently declines. Several physiological mechanisms likely 16 shape thermal performance curves, but responses of free-ranging animals to temperature variation 17 will represent a compromise between these mechanisms and ecological constraints. Thermal 18 performance data from wild animals balancing physiology and ecology is rare, and this represents a 19 hindrance for predicting population impacts of future temperature change. 20
Introduction 40
Ectotherms are particularly vulnerable to global warming because their fundamental physiological 41 functions such as locomotion, growth, and reproduction are strongly influenced by temperature 42 (Huey and Kingsolver, 1989; Deutsch et al., 2008; Kingsolver, 2009) . The influence of temperature 43 on ectotherm function is often described by a thermal performance curve, with relative 44 performance, growth or fitness increasing to an optimum temperature (T opt ), and declining rapidly 45 thereafter (Fry, 1947; Huey and Kingsolver, 1989; Pörtner, 2001; Deutsch et al., 2008; Kingsolver, 46 2009; Pörtner, 2010) . Thermal performance models quantify the effect of temperature on organism 47 fitness, thereby representing a framework for understanding how ectotherms are likely to respond to 48 future changes to temperature regimes (Deutsch et al., 2008; Pörtner, 2010; Buckley et al., 2012) . 49
For thermal performance curves in fish, T opt is often defined as the temperature at which 50 aerobic scope (the difference between minimum and maximum rates of oxygen uptake) is 51 maximised (Fry and Hart, 1948; Brett, 1971; Pörtner, 2001 Pörtner, , 2002 Farrell, 2009) , and critical 52 temperatures (T crit ; often called CT min and CT max for lower and upper critical temperatures, 53 respectively) as those where aerobic scope declines to zero and mitochondrial metabolism proceeds 54
anaerobically (Pörtner et al., 1998; Pörtner, 2001; Farrell, 2009) . Since critical functions such as 55 growth, reproduction and locomotion require an increase in oxygen uptake beyond the maintenance 56 rate (Farrell, 2009) , an animal's thermal niche should lie between the lower and upper values of 57 T crit . Temperature has long been thought to constrain species' geographic distributions (e.g. 58 Shelford, 1931) , and while T opt for aerobic scope does not necessarily correspond to the preferred 59 temperature of a species (Clark et al., 2013; Farrell, 2013; Pörtner and Giomi, 2013) , physiological 60 performance metrics such as T crit or lethal thermal limits have recently been used to interpret 61 ectotherm range boundaries (Sunday et al., 2011 (Sunday et al., , 2012 . Such approaches are also providing insight 62 into the role of global temperature increases in the recent range shifts of several aquatic animals 63 (Perry et al., 2005; Pörtner and Knust, 2007; Farrell et al., 2008) . However, long-term persistence 64
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT 4 requires at least some scope for activity, growth and reproduction, so an animal's functional thermal 65 niche should be narrower than that bounded by T crit (Farrell, 2009) , and may instead be delimited by 66 other performance thresholds (e.g. "pejus" thresholds -temperatures coinciding with the onset of 67 performance limitation; Frederich and Portner, 2000; Pörtner, 2001 Pörtner, , 2002 . Indeed, T crit and lethal 68 temperatures were recently shown to be somewhat unreliable predictors of ectotherm range limits 69 (Sunday et al., 2012) . Understanding the mechanisms by which temperature restricts animals' 70 geographic distribution has long been identified as a critical pursuit (Shelford, 1931; Pörtner, 2001) , 71 yet remains a major challenge for biologists (Seebacher and Franklin, 2012; Sunday et al., 2012; 72 Brown, 2014) . Much of this difficulty likely arises from complexities associated with scaling up 73 laboratory data to biogeography, because a species' functional thermal niche can be affected by a 74 variety of environmental factors (Helmuth et al., 2005; Farrell, 2009 ) and ontogeny (Pörtner and 75 Farrell, 2008) . 76
Many theoretical and laboratory studies have examined the influence of temperature on fish 77 performance (e.g. Fry, 1947; Fry and Hart, 1948; Brett, 1971; Graham and Farrell, 1989; Lee et al., 78 2003; Farrell, 2009; Pörtner, 2010; Brownscombe et al., 2014) , and some have matched laboratory-79 based performance data to fish distributions and abundance (Pörtner and Knust, 2007; Farrell et al., 80 2008) or growth rates (Neuheimer et al., 2011) . However, there remains a paucity of data on how 81 temperature influences locomotory performance in free-ranging animals (but see Righton et al., 82 2001 for seasonal changes in cod Gadus morhua activity that may have been driven by 83 temperature). This represents a significant shortcoming, as the response of animals to future 84 temperature changes may be largely influenced by behaviour and ecology (Huey and Stevenson, 85 1979; Kearney et al., 2009 ), which will affect the accuracy of predictions based solely on 86 physiological performance models. Quantifying thermal performance curves in free-ranging 87 animals may become increasingly-important given emerging evidence that regional adaptation of 88
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Biologging approaches have emerged as powerful tools for addressing remarkably-diverse 91 objectives (Payne et al., 2014) , and accelerometers in particular hold significant potential for 92 examining thermal performance curves in free-ranging ectotherms. Despite this potential, we are 93 not aware of any studies that have used biologging to test for thermal performance curves in the 94 activity levels of free-ranging ectotherms. 95
In this study, we used accelerometer transmitters and commercial gill net (a passive gear 96 type that relies on fish movement for capture) catch data to quantify the effects of temperature on 97 locomotory performance of a free-ranging estuarine fish-the dusky flathead Platycephalus fuscus. 98
This species is a benthic ambush predator inhabiting estuarine and near-shore coastal ecosystems 99 across almost 21° of latitude along Australia's east coast (from Gippsland Lakes in the south to 100
Cairns in the north; Gray et al., 2002) , and is therefore exposed to large spatial and temporal 101 fluctuations in temperature. We used our biologging data to create a thermal performance 102 (voluntary activity) curve for flathead near the middle of the species' geographical distribution, and 103 the catch data to examine thermal performance trends near the northern (tropical) and southern 104 (temperate) extremes of the species' range. In doing so, we explored the relationship between 105 thermal performance and biogeography, and interpret our data in the context of a warming climate. 106
107

Results
108
Between 900 and 10,774 activity data were collected for each tagged fish, with a total of 23,169 109 data recordings over 66 days in winter/spring, and 28,456 data recordings over 89 days in 110 summer/autumn. Activity of tagged flathead increased with temperature to approximately 23°C, at 111 which point activity levels declined rapidly ( Fig. 1a ; all parameters P < 0.001, df = 99, R 2 = 0.58). 112
The 2-part model returned parameter estimates (and lower and upper 95% CI) of: T opt = 22.96 113 Fig. 1b, circles) , and decrease near their northern 119 limits (Queensland; Fig. 1b, triangles) . The range of temperatures was greater for estuarine (Fig. 1b,  120 filled symbols) than coastal habitats (open symbols) in both regions, and the minimum and 121 maximum mean monthly temperatures recorded were 11.24 and 28.7°C for Lake Tyers and Cairns, 122
respectively. 123 124
Discussion 125 This study suggests the voluntary performance of free-ranging Platycephalus fuscus is heavily 126 influenced by environmental temperature, with activity distributions that are consistent with 127 established models of thermal performance (Huey and Kingsolver, 1989; Pörtner, 2001; Pörtner and 128 Farrell, 2008) . This represents one of the first examples of a thermal performance curve for an 129 animal balancing physiological and ecological constraints in the wild, and provides insight into how 130 thermal performance may be linked to species' biogeography. 131
Laboratory-derived physiological thresholds (e.g. T crit , pejus thresholds or lethal limits) are 132 often used to explore range boundaries or changes in relative abundance of ectotherms (Pörtner and 133 Knust, 2007; Farrell et al., 2008; Sunday et al., 2011 Sunday et al., , 2012 ), yet such metrics can fail to fully-134 explain the limits of species' distributions (Addo-Bediako et al., 2000; Sunday et al., 2012) . and maximum mean monthly temperatures experienced in the southern and northern (respectively) 144 limits of the P. fuscus range (95% CIs for CT min overlap the minimum monthly temperatures 145 experienced at the southern geographical limit, and the CIs for CT max are within < 0.2°C of the 146 maximum temperatures at the northern limit; Fig. 1a ). Given our biologging data were collected 147 near the middle of the species' range, tagged flathead did not experience the extreme temperatures 148 that occur at the latitudinal limits of their distribution (monthly means ~ 11° and 29°C in the south 149 and north, respectively), so our confidence limits for CTs are rather broad, particularly for CT min 150 (Fig. 1a) . However, if limits of voluntary activity do indeed delineate the thermal niche of this 151 species, the congruence between CT estimates derived from the middle of the species distribution 152 and temperature extremes at the northern and southern range limits would indicate a low degree of 153 regional adaptation in this species. Unfortunately, we cannot directly compare the biologging and 154 catch data (given the different units between regions, low spatial resolution of capture locations and 155 the lack of zero-reporting for catch data). However, catches do peak at intermediate temperatures 156
when data from the southern and northern extent of the species range are combined (Fig. 1b) , which 157 is in line with the biologging data (Fig. 1a) . Recent meta-analyses suggest regional adaptation of 158 ectotherm thermal thresholds is highly-conserved within species (Araujo et al. The thermal tolerance of many organisms is proportional to the magnitude of temperature 192 variation they experience (Deutsch et al., 2008) , so animals in temperate regions are thought to be 193 more tolerant of increasing temperatures than those in the tropics (Deutsch et al., 2008; Huey et al., 194 2009 ). Further, the optimum temperature for P. fuscus performance appears close to, or below, the 195 minimum temperature they experience in coastal regions in the tropics (Fig. 1a, Activity data from all tagged fish and across the entire sampling period were averaged for 225 every 0.1°C increment of water temperature, such that ten data were generated per 1°C across the 226 monitoring period. Since all fish did not experience the same range of temperatures (due to our 227 staggered tagging dates and periodical absence of individual fish from the detection range of 228 receivers), we pooled the data across fish into our 0.1°C increments, and generated means per 229 increment to account for the variable number of activity data collected at each temperature. Visual 230 examination of the activity data suggested an asymmetric distribution, so we fitted a 2-part 231 'performance' curve after Deutsch et al. (2008) , using minimum least-squares non-linear regression. 232
This curve consists of a Gaussian function to describe the rise in performance up to T opt , and a 233 quadratic decline to zero activity, CT max , at higher temperatures: 234 
S e f o r TT
where T opt is the temperature (T) at which activity is maximised, σ is the standard deviation for the 237 normally distributed half of the curve, and S is a scalar. Since the Gaussian function does not 238 intersect the x-axis (at low temperatures), we defined the critical thermal minimum (CT min ) as 4σ 239 below T opt (after Deutsch et al., 2008) . In this way, CT min represents an estimate of activity 240 approximately 1.8% of that at T opt . We used 95% CIs to describe the uncertainty of our parameter 241 estimates. For our operational estimate of CT min we calculated the lower CI as the lower 95% CI for 242 T opt -4× the upper 95% CI for σ , and the upper CI of CT min as the upper 95% CI for T opt -4× the 243 lower 95% CI for σ . A Weibull curve was also fitted to the data (not shown), but this did not 244 provide sufficient improvement in fit compared to the 2-part curve. The 2-part curve was preferred 245 over the Weibull given its more mechanistic derivation (Deutsch et al., 2008) . As a second metric 246 of acceleration and to examine trends in higher activity values, we also fitted the 2-part curve to 95 th 247 percentile data (rather than means) that we derived for each 0.1°C increment of water temperature. 248
Gill netting is a passive fishing technique that relies on fish actively swimming into nets. As 249 such, and given the largely-benthic habit of the species, an increase in fish activity (and/or relative 250 abundance) should correlate with an increase in gill netting catch per unit effort (CPUE). Archival 251 commercial Platycephalus spp. CPUE data were collected from the southern and northern 252 (throughout Victoria and Queensland, respectively; Fig. 1 
